ABSTRACT: Extrusion technology has been used successfully to improve the nutritive value of full-fat oilseeds via shear force and heat applied during passage through the extruder, exposing more peptide bonds to enzymatic hydrolysis. However, the fi brous portion of the seeds is largely intact after extrusion. Therefore, application of carbohydrase mixtures targeting nonstarch polysaccharides might further improve the nutritive value of extruded full-fat oilseeds. This hypothesis was investigated in a study involving 6 ileal-cannulated barrows (average initial BW = 75.0 kg) fed extruded full-fat, soybean-(FFSB) based diets, without or with a carbohydrase mixture (CM) to determine apparent ileal digestibility (AID) of energy and standardized ileal digestibility (SID) of AA. The CM supplement provided 500, 50, 400, 1200, 450, and 45 units of pectinase, cellulase, mannanase, xylanase, glucanase, and galactanase, respectively, per kilogram of diet. A basal diet was formulated to contain FFSB as the sole source of AA, whereas the CM diet was formulated by supplementing the basal diet with CM. Diets contained titanium dioxide as an indigestible marker. Diets were fed in a 2-period crossover design to give 6 observations per diet. Each experimental period lasted 7 d, including a 5-d adaptation period and 2-d ileal digesta collection period. The SID of N and AA were calculated using published values for ileal endogenous N and AA losses from our laboratory. Enzyme supplementation increased (P < 0.01) AID values of DM (68.7 vs. 65.7%), GE (74.6 vs. 70.5%), and N (64.2 vs. 58.5%). Greater (P < 0.05) AID values were recorded for Leu, Met + Cys, Thr, Cys, Ser, and Tyr in the CM diet compared with the basal diet. Compared with the basal diet, the CM diet had greater SID values for N (73.7 vs. 68.6%; P < 0.01), Met + Cys (59.9 vs. 52.2%; P < 0.05), and Thr (66.3 vs. 61.2%; P < 0.05). The average SID for indispensable and total AA increased by 3.4% and 3.8% units, respectively, after enzyme supplementation. In conclusion, enzyme supplementation increased the nutritive value of extruded FFSB for fi nishing pigs.
INTRODUCTION
Soybeans as a feedstuff for swine can be fed either as soybean meal (SBM) or as full-fat soybeans (FFSB). Both products are high-quality protein sources commonly used in swine diets (Valencia et al., 2008) .
There has been an increased use of full-fat oilseeds, such as FFSB, as an alternative to supplemental lipid sources because of their high oil and protein contents coupled with their better mixing properties and digestibility (Fan et al., 1994) . Therefore, FFSB is used in many parts of the world as an alternative to SBM in animal feeds (Dudley-Cash, 1997) .
Extrusion has been used successfully to improve the nutritive value of feed ingredients such as canola and fl ax for broilers (Thacker et al., 2005) , and fl ax, pea (Htoo et al., 2008) , and FFSB (Kim et al., 2000) for pigs. Extrusion enhances denaturation of proteins via the shear force and heat applied during passage through the extruder, exposing more peptide bonds to enzymatic hydrolysis (Oryschak et al., 2010) . However, extrusion may reduce, but not fully eliminate, the nutrient-encapsulating effect of cell wall nonstarch polysaccharides (NSP) in full-fat soybeans, as has been reported for barley (James et al., 1988) .
Cell wall NSP-degrading enzymes (carbohydrase mixture; CM) have been used to target cell wall NSP in poultry and pig diets. For example, they improved nutrient use in pigs fed wheat distillers dried grains with solubles-(DDGS) based diets (Emiola et al., 2009 ) and increased cell wall depolymerization in fl ax and canola seed fed to broiler chickens (Meng et al., 2005 . However, possible effects of CM on energy and AA use in extruded FFSB fed to pigs are yet to be elucidated. Therefore, the objective of this study was to determine the effect of CM, targeting NSP components, on ileal digestibilities of energy and AA in extruded FFSB fed to fi nishing pigs.
MATERIALS AND METHODS
All experimental procedures were reviewed and approved by the University of Manitoba Animal Care Protocol Management and Review Committee, and pigs were cared for according to the guidelines of the Canadian Council on Animal Care (CCAC, 1993) .
Experimental Animals and Diets
Six barrows (Yorkshire-Landrace female × Duroc male; Genesus, Oakville, MB, Canada) were obtained from the University of Manitoba Gleanlea Swine Research Unit at an average initial BW of 31 ± 1.3 kg and fi tted with a simple T-cannula at the distal ileum, as described by Nyachoti et al. (2002) . Pigs were housed individually in pens (1.47 × 1.14 m) with smooth sides and plastic-covered, expanded metal sheet fl ooring in a temperature-controlled room (20 to 21°C). Each pen had a nipple drinker that allowed the pigs to have unlimited access to water at all times. Pigs had previously been used in an experiment to determine nutrient digestibility in wheat-based diets. Pigs were standardized on a common diet for 3 d before the commencement of the experiment to account for any carryover from the previous study. At the commencement of the present study, pigs had an average BW of 75.0 ± 6.0 kg.
The experimental diets included a FFSB-corn, starch-based diet without or with CM (Table 1) . The FFSB was the sole source of protein in both diets. First, the basal diet was mixed in a single batch and then divided into 2 equal halves. The CM-supplemented diet was formulated by top dressing CM on top of one-half of the basal diet. The CM supplied 500, 50, 400, 1200, 450, and 45 units of pectinase, cellulase, mannanase, xylanase, glucanase, and galactanase, respectively, per kilogram of diet. The extruded FFSB (Starlite Colony, Starbuck, MB, Canada) and CM (Canadian Biosystems Inc., Calgary, AB, Canada) were obtained from commercial sources. The 2 diets contained 0.3% titanium dioxide as an indigestible marker.
Experimental Design and Procedure
The experiment was conducted as a crossover design with 2 periods to give 6 observations per diet. Pigs were weighed at the beginning of each period and allowed a daily feed amount equivalent to 4% of BW in 2 equal meals offered at 0800 and 1600 h as dry mash . Each period lasted 7 d with a 5-d adaptation period to the diets. To determine AID of AA, ileal digesta were collected continuously for 12 h (0800 to 2000 h) on d 6 and 7, as described by Nyachoti et al. (2002) . Digesta were collected in plastic bags attached to the barrel of the T-cannula by a hose clamp. Collection bags contained 10 mL of 10% (vol/vol) formic acid to minimize bacterial activity. Every 1 to 2 h, collected digesta were removed and stored in a freezer at -20°C until processed.
Sample Preparation and Chemical Analyses
Digesta samples were thawed and pooled within each pig and period, homogenized in a heavy-duty blender (Waring Commercial, Torrington, CT), and a 200-g sample of digesta was lyophilized for later analyses. Digesta, diet, and extruded FFSB samples were fi nely ground in a coffee grinder (Smart Grind; Applica Consumer Products Inc., Miami Lakes, FL) before chemical analysis. Samples of FFSB, diets, and digesta were analyzed for DM, N, GE, NSP, crude fat, AA, and titanium. Dry matter was determined according to the AOAC (1990) method (Method 925.09). Nitrogen content was determined by combustion (Method 990.03; AOAC, 1990) , using a combustion analyzer (Model CNC-2000; Leco Corporation, St. Joseph, MI) and EDTA as a calibration standard. Energy was determined using an adiabatic bomb calorimeter (Parr 6300 Instrument Co., Moline, IL), using benzoic acid as the calibration standard. Titanium was analyzed according to Lomer et al. (2000) . Concentrations of NSP in diet and digesta samples were determined by gas-liquid chromatography (component neutral sugars) and colorimetry (uronic acids), as described by Slominski et al. (2006) . Crude fat in diet and ingredient samples were determined after hexane extraction (Method 920.39; AOAC, 1990) . The AA content of the digesta and diets were determined as described (Method 994.12; AOAC, 1990) , and as modifi ed by Mills et al. (1989) . Briefl y, a 100-mg sample was digested in 4 mL of 6 M HCl in vacuo for 24 h at 110°C. The digested mixture was neutralized with 4 mL of 6.25 M NaOH and allowed to cool at room temperature. The neutralized mixture was made up to a 50-mL volume with sodium citrate buffer solution (19.6 g×L -1 ; pH 2.2) and analyzed using an AA analyzer (Sykam, Eresing, Germany). Samples for analysis of S-containing AA (Met and Cys) were subjected to performic acid oxidation before acid hydrolysis. Tryptophan was not analyzed.
Digestibility Calculations and Statistical Analysis
The AID of energy, DM, and nutrients were calculated using the indicator method as described by Nyachoti et al. (1997) . Standardized ileal digestibility (SID) of N and AA were calculated using this equation: SID, % = [AID + (N EL /N Diet )] × 100, where SID represents the SID (%) of N or AA; N EL is the basal endogenous loss of N or AA obtained from feeding a low-protein (5%), casein-based diet to growing pigs (mg/kg DMI); and N Diet is the dietary content of N or AA (mg/kg DM). The endogenous ileal N and AA losses (mg/kg DMI) used to calculate the SID values were: N, 3083; Arg, 449; His, 335; Ile, 438; Leu, 574; Lys, 335; Met, 126; Phe, 315; Thr, 713; Val, 559; Ala, 668; Asp, 991; Cys, 289; Glu, 1501; Gly, 1997; Pro, 6987; and Ser, 871 . These values are averages from 5 independent studies conducted in our laboratory (Opapeju et al., 2006; Lan et al., 2008; Woyengo et al., 2010; Yang et al., 2010) . The mean BW of pigs used in the above studies ranged from 26.8 to 82.0 kg. In period 2, 1 pig fed the basal diet (without CM) lost its cannula; hence, 5 observations were obtained for the basal diet.
Data were analyzed by ANOVA using the GLM procedure (SAS Inst. Inc., Cary, NC). Analysis of variance revealed that the effect of experimental period and pig were not signifi cant, and, thus, the effects of period and pig were removed from the model. The pig was considered as the experimental unit. Treatment means were compared using the Student t test procedure of SAS comparison. Differences were considered to be signifi cant at P < 0.05 and tendencies were observed at 0.05 < P < 0.10.
RESULTS AND DISCUSSION
All pigs remained healthy and readily consumed their feed throughout the study. The FFSB seeds used in this study were grown in Starbuck, MB, Canada. The N and AA contents of the extruded FFSB used in this study (5.90% N, 2.31% Lys, 0.39% Met, and 1.47% Thr; Table 2 ) were in agreement with published values by Cervantes-Pahm and Stein (2008) and Baker et al. (2010) for conventional FFSB. Also, the N and Lys contents of FFSB were in agreement with values reported by Fan et al. (1994) for extruded FFSB. The DM, N, and Lys contents of the basal diet used in this study (93.1%, 2.95%, and 1.3%, respectively) were within the range of values of the extruded FFSB-cornstarch diet used by Marty et al. (1994; 92 .2%, 2.7%, and 0.8%, respectively).
Although CM supplementation has been shown to improve energy and nutrient digestibility in various feedstuffs fed to pigs (Omogbenigun et al., 2004; Emiola et al., 2009) , to the best of our knowledge, there has not been any study that has investigated such effects on FFSB. The AID of DM, GE, and ileal DE were increased (P < 0.01) by CM supplementation (Table 3) . Specifi cally, energy digestibility increased by 4 percentage units and ileal digestible energy increased by 154 kcal/kg because of CM supplementation. This supports previous reports by Emiola et al. (2009) , in which CM (xylanase, cellulase, and β-glucanase) supplementation increased AID of CP, DM, and GE in fi nishing pigs when fed DDGS, and Omogbenigun et al. (2004) , in which multienzyme supplementation improved ileal digestibility of DM, CP, and GE in young pigs fed corn-soybean meal based diet. It is also consistent with the observations of , in which the combination of carbohydrase enzymes improved the apparent total tract digestibility of DM and apparent metabolizable energy in full-fat canola seeds for broiler chickens. Marsman et al. (1997) also reported that supplementation of soybean meal with protease and carbohydrase enzymes, individually and in combination, improved CP digestibility in broiler chickens. Although both FFSB and cornstarch served as energy sources in the diets of the present study, the starch is highly digestible and the digestibility of starch is not believed to have been infl uenced by CM. As a consequence, the increase observed in the CM diet is most likely a result of an increase in GE digestibility of FFSB.
It has been reported that a supplemental CM preparation containing cellulase, pectinase, mannanase, xylanase, and glucanase improves the feeding value of full-fat canola seed for broiler chickens . Also, an in vitro incubation study by demonstrated that the same CM preparation is effective in degrading cell wall polysaccharides and improving energy digestibility in fl axseed. The combination of enzymes used in the current study had cellwall degrading capability, and, therefore, was expected to depolymerize cell wall structures and improve nutrient digestibility (Meng et al., 2002) . Diebold et al. (2004) demonstrated that supplementation of a wheat-based diet with both xylanase and phospholipase provided greater improvement in nutrient digestibility than when the enzymes were used alone, thus, demonstrating the advantages of combining enzyme activities.
The AID of N and individual AA in FFSB (Table 4 ) were within the range of previously published values (Fan et al., 1994; Marty et al., 1994) . The AID and SID of N (Tables 4 and 5) were improved by CM supplementation (P < 0.01). The AID and SID of Leu, Met + Cys, Cys, Thr, Ser, and Tyr were greater (P < 0.05) in the enzyme-supplemented diet compared with the basal diet. Enzyme supplementation tended to increase AID and SID of Lys (69. (Kemme et al., 1999; Barrera et al., 2004; Vahjen et al., 2007) and barley-based diets (Li et al., 1996) , or diets containing wheat DDGS (Emiola et al., 2009) . In a study with poultry, Oryschak et al. (2010) observed an improvement in AID of Lys, Met, His, and Phe when triticale DDGS was supplemented with a CM complex. Capability of exogenous enzymes to improve nutrient digestibility depends on enzyme activity and substrate availability (Emiola et al., 2009) .
In the present study, there was no effect of enzyme supplementation on NSP digestibility. However, a numerically greater value of NSP digestibility was observed in the FFSB diet supplemented with the enzyme compared with the basal diet (-5.8 vs. -0.3; Table 3 ). Also, there was a high variability between treatment means (SEM = 4.5), which may have made it diffi cult to detect the effect of enzyme supplementation on NSP digestibility. Negative ileal NSP digestibility values were observed in the present study. This has been previously reported in swine (Graham et al., 1986; and several mechanisms, including antiperistaltic movements, contaminating endogenous and microbial matter, and phase separation of the 2 The basal diet was formulated and then divided into 2 equal parts for the addition of enzymes. digesta and marker (Graham et al., 1986; Hogberg and Lindberg, 2004) , have been suggested as reasons for this observation. The negative ileal NSP digestibility values observed in the present study may be a result of endogenous losses of compounds (mainly mucin) that are analyzed as NSP.
As reviewed by Simon (1998) , NSP-depolymerizing CM may have several modes of action, including partial hydrolysis of NSP, decrease in digesta viscosity, and rupturing of NSP-containing cell walls, thereby making the encapsulated nutrients available for digestion. Although supplemental CM may partially rupture NSP in FFSB, thereby improving protein digestion, another potential mode of action of CM could be the hydrolysis of certain types of carbohydrate-protein complexes. For example, protein components of glycoproteins and proteoglycans are resistant to hydrolysis (Meng et al., 2005) . This could have contributed to the improvement in digestibility of N and AA in pigs fed the CM-supplemented diet observed in the present study. Therefore, the increase in ileal N and AA digestibilities observed in the present study for the enzymesupplemented diet might have resulted from the disruption of the cell wall matrix of extruded FFSB, leading to release of structural proteins, rather than from elimination of the encapsulating effect of the cell wall. Even though it has been suggested that the benefi ts derived from supplementing swine diets with exogenous enzymes decline with age because older pigs are more capable of degrading dietary fi ber due to a mature gastrointestinal system (Graham et al., 1986) , the enzyme blend used in the current study was benefi cial to the fi nishing pigs as indicated by improved ileal energy, DM, and nutrient digestibility. This study demonstrated that CM supplementation increased the nutritive value of extruded FFSB for fi nishing pigs by increasing energy and AA digestibilities. AOAC. 1990 Mean, total 59.3 63.0 1.9 0.081 1 FFSB -CM = extruded FFSB without CM (n = 5) and FFSB + CM = extruded FFSB with CM (n = 6). Mean, total 69.3 73.1 1.9 0.073 1 FFSB -CM = extruded FFSB without CM (n = 5) and FFSB + CM = extruded FFSB with CM (n = 6).
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